While the ability to develop nanomaterials and incorporate them into products is advancing rapidly worldwide, understanding of the potential health safety effects of nanomaterials has proceeded at a much slower pace. Since 2008, Korea Food and Drug Administration (KFDA) started an investigation to prepare "Strategic Action Plan" to evaluate safety and nano risk management associated with foods, drugs, medical devices and cosmetics using nano-scale materials. Although there are some studies related to potential risk of nanomaterials, physical-chemical characterization of nanomaterials is not clear yet and these do not offer enough information due to their limitations. Their uncertainties make it impossible to determine whether nanomaterials are actually hazardous to human. According to the above mention, we have some problems to conduct the human exposure risk assessment currently. On the other hand, uncertainty about safety may lead to polarized public debate and to businesses unwillingness for further nanotechnology investigation. Therefore, the criteria and methods to assess possible adverse effects of nanomaterials have been vigorously taken into consideration by many international organizations: the World Health Organization, the Organization for Economic and Commercial Development and the European Commission. The object of this study was to develop risk assessment principles for safety management of future nanoproducts and also to identify areas of research to strengthen risk assessment for nanomaterials. The research roadmaps which were proposed in this study will be helpful to fill up the current gaps in knowledge relevant nano risk assessment.
INTRODUCTION
In recent years, nanotechnology has advanced rapidly worldwide, and thus nanotechnology has been increasingly applied to a larger number of products (Roco and Boinbridge, 2005; Chaundry et al., 2006) . Nanotechnology could potentially provide significant benefits in various areas, including; addressing a number of the current needs in the fields of energy and the environment (Service, 2006; SCENIHR, 2007; US FDA, 2007) . On the other hand, rapid increase in the number of nanoproducts worldwide has raised concerns regarding potential adverse effects in consumers (Service, 2003; Lam et al., 2004; Boxall et al., 2008) . There is limited evidence which indicates that the use of nanomaterials actually causes harm, but it is commonly accepted that there is a possibility for nanomaterials to do so.
The introduction of nanotechnology applications in the public health-related areas such as food, cosmetics or drug will largely depend on how nanoproducts are regulated in the interest of protecting consumers against potential risks posed by using nanoproducts. Therefore, strategies for managing potential risks of nanoproducts need to ensure that a high level of protection of public health and consumer safety (Silbergeld et al., 2011) . Korea Food and Drug Administration (KFDA) started an investigation to prepare "Strategic Action Plan" to evaluate safety and nano risk management associated with foods, drugs, medical devices and cosmetics using nano-scale materials since 2008. We started this study, which aims to develope risk assessment principles for safety management of future nanoproducts, to execute this plan. For this study, we investigated the feasibility associated with conducting a human health risk assess-ment for nanomaterials based on the open literature and to develop the risk assessment principle utilizing an approach similar to that of a classical regulatory risk assessment Christensen et al., 2010; Cristensen et al., 2011) . We will also present a research road map for the scientific assessment of nanomaterial's potential risks.
METHODS
Collecting information to identify possibility of exposure induced by nanoproducts. Exposure estimates are essential for assessing risk and it is necessary to investigate information related with nanoproducts to determine real exposure caused by nanoproducts. Information-gathering for conducting a study generally occurs throughout relatedarea studies, but the study in the initial phase focuses on collecting from available resources. The nanoproductsrelated study was started recently, and related-information can be obtained more easily and quickly on the internet than from traditional sources. So, we carried out a web-based research on several internet resources to investigate nanotechnology-related patents and the current distribution of nano-labeled products in the market. The targeted resources include the World Intellectual Property Organization and Consumer Product Database compiled by Wilson Center Project on Emerging Nanotechnologies (NNPC, 2011; Woodrow wilson center, 2012) . But, the US Woodrow Wilson Center relied on data provided by private companies and did not conduct an additional verification, so it is not certain whether nanotechnology was actually applied to products or not. Nevertheless, we used these data to determine consumer's exposure possibility from nanoproducts because there is no evidence that can identify whether a targeted product is actually a nanoproduct and there is no inventory of nanoproducts at the governmental level as of now.
General approaches to develop nano risk assessment principles. It is essential to secure a data set that is objective and accurate, to develop principles for assessment of potential health risk posed by nanoproducts. Therefore, we adopted general criteria for data selection concerning risk assessment on hazardous materials in food and drug (WHO, 1999) . Sources of information considering primary for nanomaterial safety principles were documents written by government agencies or organizations holding databases of relevant nanotechnology (EFSA, 2009; USFDA, 2007; WHO, 2010) . After collecting data, we analyzed how much information is available to conduct assessment of health effects induced by exposure to nanomaterials.
RESULTS AND DISCUSSION
Potential exposure to engineered nanomatials in nanoproducts. Nanomaterials are small-scale substances (< 100 nm); an emerging class of functional materials defined by the size-dependent properties (Mahler et al., 2012) . Among all nanomaterials that have been brought to the attention of the public, regulators and scientific researchers will have a profound interest in the engineered nanomateirals (ENM) which can be found in a wide variety of products. Therefore, this study will especially take into account ENM related to KFDA regulated products.
Along with toxicological data, exposure estimates are essential for assessing risk. Therefore, we first investigated feasibility for consumer's real exposure based on open literature review. We looked into patents disclosed by 93 Patent Offices worldwide and World Intellectual Property Organization (WIPO) for 30 days from 1 July 2011. The examination revealed that the number of patents in the category of nano-related products was 14,117, which accounted for 6.09 percent of 232,665 patents in total. South Korea recorded the third highest number (1,193) of patent applications related to nanotechnology in the world, following Japan (3,878) and USA (3,256) (NNPC, 2011) .
According to the status of nanotechnology products compiled by the US Woodrow Wilson Center, 1317 products were registered as nanoproducts in 2010 ( Fig. 1) , of which 587 came from USA, 367 from Europe and 261 from East Asia in terms of region of origin (Fig. 1) . By country, South Korea (126) was ranked third following USA and Germany. The number of nanoproducts registered in US Woodrow Wilson Center has grown by nearly 4.2 fold compared to that of 2006 ( Fig. 1 ). In particular, 42 out of 126 nanoproducts were subject to regulation under the food and drug category, including utensils and containers such as cutting boards, feeding bottles, washers and others (Table 1) . However, most of products categorized as food or drug were, in fact, food contact materials instead of foods or drugs.
According to literature search in the field of nanotechnology application in foods and agriculture, nanotechnology is being applied to develop products such as manufactured nanomaterials, nanoemulsion, nanocapsules that contain flavor enhancers, nutrient enhancers, processed foods that enable more freshness and longer storage, packaging materials for food, and ingredients that come into contact with food (EFSA, 2009; WHO, 2010) . On the other hand, results from some surveys which were performed on nano-labeled products in Korean marketplaces, demonstrated that it was impossible to confirm whether they are actual nanoproducts that contain nanoscale materials.
The aforementioned result illustrates that research on nanotechnology is well underway in Korea, with rapid responses to the latest trend in cutting-edge, next generation technologies. Moreover, it appears that exposure of consumer to the wide variety of nanoproducts in health and fitness, food and beverages, and many other product categories is likely to become both frequent and extensive in the near future.
Necessity to set principles of risk assessment for nanoproducts. The introduction of new technologies often creates new challenges for regulatory agency if the associated consumer products raise concerns about health risks. General safety management is based on scientific risk assessment principle. In this study, we surveyed literature compiled by other governments concerning policy development of risk assessment to assist safety management of nanomaterials. The OECD established a Working Party on Manufactured Nanomaterials (WPMN) in 2006. Sub-committees (Steering Groups, SG) of the WPMN are looking at different issues such as databases, test guidelines and risk assessment. Particularly, issues related to risk assessment and exposure measurement are being handled by SG6 and SG8. In regulatory aspects of nanomaterials within the EU, it can be concluded that the risks in relation to nanomaterials can be dealt with under the current legislative framework, but it may have to be modified in the light of newly available information (Bengt et al., 2012) . Also, EFSA has published "Guidance on the risk assessment of the application of nanoscience and nanotechnologies in the food and feed chain" (EFSA, 2009). The report provides guidance on nano-specific considerations that need to be assessed in addition to conventional aspects and concluded that the risk assessment paradigm is appropriate for nanomateirals as well. In USA, there are currently no regulations that specifically target nanomaterials related to food or drug safety. In Korea, nanotechnology has been supported as part of a national project, which was established under the framework of nanotechnology development since 2001. Since 2011, specific regulation systems in food and cosmetic sectors have been considered to manage nanoproducts effectively. At present, many regulatory agencies recognize the need to establish a risk assessment policy for nanomaterials safety management. Yet no international standardized principles have been developed to assess potential risk of nanomaterials.
Based on the aforementioned results, we identified the following reasons behind why it is necessary to develop risk assessment principles for ENM. First, there is a high possibility that users of nanoproducts become exposed to nanomaterials; nanomaterials with a relatively small size may exhibit significant toxicity because nanomaterials have a much larger surface or interface area than those of counterpart materials with the same mass of the same chemical structure. Second, the inference caused by biological activity of nanomaterials based on their constituents does not adequately describe the hazards of engineered nanomaterials, which have distinct characteristics designed into them through advanced method. Therefore, we cannot entirely depend on the risk assessment inferences which derived from studies of conventional chemical. Third, the general public has a low level of awareness concerning safety of nanomaterials. Last, over 60 percent of experts said comprehensive measures need to be established and safety assessment needs to be performed to ensure safe management of nanomaterials (Silbergeld et al., 2011; Yoon, 2007; Zero Waste Citizen Center, 2010; Ministry of Environment, 2011) . Consequently, this study suggests that the risk of exposure to nanomaterials cannot be overlooked and it is urgent to set up risk assessment principles to address the safety issue concerning exposure to nanomaterials and then regulatory agency should establish precautionary safety management policy based on risk assessment approach to protect public health.
On the other hand, we recognized that there are significant limitations regarding developing the risk assessment principles for safety management of nanoproducts. The first is the absence of unified definition for regulatory targets, as well as the lack of appropriate information to assess potential risk to consumer health. The second is that most of nanotechnology-applied products are currently at the R&D stage. The last is a significant knowledge gap in our current understanding of the risk assessment of nanomaterials in nanoproducts. We incorporated these limitations into the research roadmap introduced in the last section, since these make ultimately difficult to assess the potential risk of nanomaterials.
Proposal of risk assessment principles for safety management of nanoproduts. In this study, we suggested the effective principles and steps for risk assessment to strengthen good science-based decision-making for nanofood and nanodrug products.
Principles of nano risk assessment: The principles for science-based risk assessment of nanomaterials, based on the current approaches to chemical risk assessment framework (hazard identification, hazard characterization, expo-
Fig. 2.
Step-by-step flow sheet for exposure estimation and risk assessment of nanomaterials such as nano-related food and drug.
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sure assessment and risk characterization), are as follows; First, risk assessment of nanomaterials should be taken into account in precautionary management strategies until exposure limits are established to avoid risks that might be caused by nanotechnology-applied products. Second, for the risk assessment of nanomaterials, the current toxicity test methods, their limitations, and other factors should be considered according to the 4-phased risk assessment of chemicals. Third, the targets for risk assessment are products in the regulation area of KFDA such as food, drug and cosmetics. Naturally-occurring and incidental nanoparitcles were not included the targets, which only deal with engineered nanomateials (ENMs) related with nanotechnologyenabled products in public health. Fourth, integrated risk assessment of nanomateirals throughout their lifecycles from production to disposal to recycling has to be applied as basic principles during the process of risk assessment. Fifth, upon gathering information about toxicity and safety, it will be possible to yield a critical point of departure (such as NOAEL, BMDL etc.) based on dose-response modeling. These are useful to set up health-based guidance value for nanomaterials. However, if no health-based guidance value is derived, we determine a risk characterization of nanomaterials by performing assessment throughout the application of margin of exposure (MOE) method. Finally, we have to manage relevant information such as data on monitoring, toxicity and exposure in an effective and systemic framework.
Step by step procedure of nano risk assessment: We suggested the step-by-step procedure to determine risk assessment concerning human exposure to risk from nanomaterial in nanoproducts (Fig. 2) . According to the flowsheet, it was concluded that 1) there is little or no exposure, no additional risk assessment is needed, and 2) it is possible to use conventional dose-response modelling for chemicals at the last phase of the flow-sheet. This procedure represents only the current state of knowledge in nanotechnology, and it will be revised in the future. For the full implementation of this flow sheet, substantial methodological developments will be required. It is also required to further develop appropriate dose-response relationship methods for nanomaterials.
Research roadmap for filling up of knowledge gaps in risk assessment. Risk assessment has been used to provide a decision making-relevant scientific basis for safety management of food and drug. However, available scientific data and information are needed as a tool for decisionmaking related to risk assessment because the scientific underpinnings of risk assessment are increasingly complex. We first identified the knowledge gaps and limitation of information to understand the potential human health effects by ENMs, and then suggested new research fields that will be secured to strengthen nano risk assessment (Table 2 and Fig. 3 ). KFDA's Nano Scientific Committees reviewed a Table 2 . Research fields that will be secured to risk assessment nanomaterials by nano-food and drug
Research planning & information management
Consistent with various fields experts and comprehensively well-designed research plan are needed -Establishing sampling strategies for collecting exposure data and guidelines for collecting standardized data -Conducting survey periodically at the national level about the current state of customer exposure by using nanoproducts -Statistical analysis, data quality assurance and database development of collecting exposure information Exposure assessment (monitoring methods) -Developing and standardizing measurement methods (establishing guidelines) of nanomaterials (nanomaterials in products, low-dose analysis, etc) -Developing exposure by routes such as ingestion, inhalation or skin contact monitoring methods and human-body monitoring methods -Developing biomarkers for identifying early exposure -Developing techniques and model for quantitative, half-quantitative, or qualitative exposure prediction -Developing exposure scenarios of nanomaterials (exposue period attributes: acute/chronic, persistent/ intermittent, cumulative/complex, etc) Dose-response (toxicity mechanism) -Toxicity mechanism studies for analyzing co-relationship between exposure and internal dose, such as dose in target vessel, toxicologically -Data related preclinical effects (animal toxicity tests such as immune toxicity, neurotoxicity, reproductive toxicity) -Studies related high-dose, low-dose, or extrapolation and human body effects by risks identified in animal toxicity tests -Studies related the prediction model of toxicokinetic data or behaviors in the body Education and communication -Training for making experts in each field -Continuous exchange of information with the industrial and academic world, consumer group, etc) -Establishing system for information exchange through International Symposium or international cooperation research number of knowledge gaps in current risk assessment of ENM, and their comments and recommendations were incorporated into the research roadmaps. One of the limitations is that there is no internationally harmonized definition regarding nano related terms. Generally, targets for risk assessment have to be clearly determined. Therefore, a regulatory agency has to determine what needs to be regulated, and a risk assessor has to determine what needs to be assessed. Recently, national regulatory agencies will be working to define adequate nanorelated terms (Stamm, 2011) . As of now, KFDA is contemplating unifying the definition of nanotechnology with other regulatory agencies. The other limitation for nano risk assessment is that there are no approved methods to identify the real exposure from nano-products. The Korean government has implemented the research projects to address human health safety aspects of ENM, but these are still at the initial stage. As shown in Fig. 3 , first, it is necessary to obtain information on suitable measuring methods, monitoring of products on the market and validated test methods to establish risk assessment.
KFDA is implementing the interagency cooperation activities to develop "National Nano-safety Strategic Plan (20112 015)" on nanomaterials, nanotechnology, nanoproducts and occupational safety collaborating with Ministry of Education, Science and Technology; Ministry of Knowledge and Economy; Ministry of Employment and Labour; and Ministry of Environment. The Korean government has well rec- ognized the important of potential risk of ENMs, and several projects are on progress, regarding on the human health and environmental safety issues of ENM. This study suggested the risk assessment principles designed to address consumer's health risk of ENM from nanoproducts in accordance with KFDA's "Strategic Action Plan". Also, further research roadmap formulated by Nano Scientific Committees will be helpful to enhance knowledge on and confidence in the scientific assessments carried out in KFDA. More information about the risk assessment principles for nanomaterials is available on the KFDA's Research Management System (http://rnd.kfda.go.kr).
